INTRODUCTION
During the past several years, the duplex ferrite-martensite (DFM) steels have received increasing emphasis, especially in the transportation industries, due to the characteristic microstructural features which combine high strength with good formability. The strengthening principle of the DFM structure involves the incorporation of inherently strong martensite as a load carrying constituent in a soft ferrite matrix. The latter supplies the system with the essential ductility.
Apart from these interesting mechanical properties, however, there is a general lack of fundamental understanding of the characteristic behavior of DFM steels. For instance, papers reporting the results of mechanical property tests generally made little direct correlations with duplex microstructures, except for some occasional optical metallography.1-3 The mechanical behavior of the two phase materials as well as the intricate interactions of parameters such as the size, shape, distribution, and volume fraction of martensite particles, must all be characterized and controlled in designing improved DFM alloys such that they favorably contribute in concert to the overall mechanical properties.
In the present paper, the principles of our current alloy design program, which has been adopted to achieve optimum balances of strength and ductility, are briefly described.
Principles Of DFM Alloy Design Program
The main principles of the alloy development can be summarized as follows:
I. Obtain the (a+ martensite) duplex structures by phase transformation alone.
2. Control the % C in martensite to ~O.3% to avoid twinned martens He.
3. Alloys must have a large slope in the A3 line. 4 . Optimize the properties of the constituent phases.
DFM structures can be produced in many different ways4, as has been demonstrated over the last 40 years. 5 -9 We restrict the present approach to employ only simple heat treatment by annealing in the two-phase (a+y) field and quenching without resorting to mechanical or thermo-mechanical treatments, The initial alloy composition and volume pet. martensite are properly controlled so that the carbon concentration in the martensite phase is approximately 0.3 wt.%.
As a result, during martensitic transformation the inhomogeneous shear component occurs by slip, not twinning. 10 Hence, unlike many other composite systems in which the second phases are in most cases strong and brittle, the property of the martensite constituent will be both strong and tough, as has been shown in our parallel alloy design program on structural martensiticsteels.lOThus the results of this latter program have been helpful in the development of the duplex alloy steel program.
From a practical point of view, it is desirable to have a large slope in the A3 line in order to have flexibility in heat-treatment for control of volume fraction of the two phaseso This can be achieved -4- by adding suitable ternary alloying elements (e.g., Si)ll to the Fe-C base system, as is illustrated in Fig. 1 . In Fig. 1a any slight variation in the two phase annealing temperature will shift composition as well as volume fraction of austenite (and hence martensite) to a great extent, whereas in the case of Fig. 1b less stringent control on the critical annealing temperature is required, thereby increasing the flexibility for heat treatment,
It is also important to take into account the parameters such as optimum volume fraction of martensite (V m ), distribution of martensite particles, and minor constituents, e.g., carbides and retained austenite.
Qualitatively, the lower limit of the acceptable range of Vm is restricted to the value where no strengthening of the duplex alloy occurs, The upper limit is set when the failure of the martensite immediately leads to the failure of the duplex structure. Of course the final range of Vm will be determined by particular specifications and applications for which the steel will be used. The system is obviously rather flexible.
In adding second phase particles to ductile matrices, ductility is usually sacrificed for strength. However, one can imagine from the many possible duplex distributions of martensite particles, a suitable morphology which should provide not only strengthening but also a minimal loss in ductility. In this regard, a fine scale, discontinuous, and fibrous distribution of martensite particles are considered to be desirable. 4
The composition of the DFM steels under consideration is based primarily on low carbon and low alloy. The resultant lack of sufficient hardenability may cause the ferrite-carbide (eutectoid) transformation products to be formed during cooling from austenite to martensite.
These carbides, if any, will be located only in the immediate vicinity of the a/martensite interfaces, and therefore should be avoided. 12
This can be accomplished only by quenching fast enough or by adding the proper alloying elements to suppress carbide formation.
The most difficult challenge is to produce DFM steels with these design considerations at a sufficiently small cost to make them economically competitive. We start with simple ternary FejX/C alloys prior to advancing to a more complex system. 4 Metallurgical knowledge accumulated to date on the behavior of alloying elements (x) s~gest that silicon is one of those which most favorably controls the design parameters of interest here. 13 In addition, silicon provides very effective solid solution strengthening in the ferrite.
imental
The compositions of the alloys investigated are listed in Table 1 .
High purity 1010 and 1020 alloys were vacuum melted and cast as 20 lb ingots. These ingots were subsequently upset forged to approximately 0.5 in. thickness. Portions were further reduced to approximately 0.15 in. by cold rolling. The experimental Fe/X/0.1 C alloys were prepared and provided by Daido Steel Co. Japan. The alloys were melted in a vacuum induction furnace. The ingots were then forged in the range 1000--11000C into 15 mm diameter rods. They were homogenized at 1200 0 C in vacuum for 20 hrs and subsequently furnace-cooled. The heat treatment to produce controlled DFM structures consisted of austenitizing and -6-quenching to 100% martensite~ followed by annealing in the (a+y) range (details are described elsewhere 13 ).
Tempering, when employed, was accomplished by the immersion of samples in a neutral salt bath kept at desired temperatures (200 0 C).
All specimens were directly water quenched from the tempering temperature.
Tensile properties were determined using 1 inch-gage round tensile specimens, following ASTM specifications. Two inch gage round specimens were also used only when comparisons with the tensile properties of commercial steels were made. Tensile tests were performed at room temperature as is seen in Fig. 10 . The coarse carbides. '\;170 A wide and '\;1500 A long, were identified as cementite. The other areas in the ferrite where these coarse carbides were not present showed finely dispersed precipitation on dislocation networks, at the nodes of intersecting dislocations and at subboundaries (Fig. II) . Such a morphological change in the ferrite can be correlated with the significant increase in the elongation of the tempered DFM steel without appreciable loss in strength, as shown in Table 2 . Upon tempering, the supersaturated carbon atoms in the ferrite matrix of the as-quenched DFM steel are depleted from the solution to improve ductility of the ferrite, thereby giving rise to the sharp increase in the total elongation of the DFM steel.
Now consider the case where the strength of martensite is varied while maintaining the other metallurgical variables constant. For this purpose, 1010 and 1020 steels were duplex treated to yield identical morphology of DFM structures, the only difference being the carbon concentration (higher in DFM 1020) in the martensite at a given volume pet, The results are shown in Fig. 12 , where 0y, OUTS, and uniform elongation are not significantly affected but total elongation was decreased as the martensite strength decreased. This result is consistent with the design principles described previously, The above considerations indicate that the ferrite matrix must be highly ductile and martensite -12-constituent strong and tough to achieve the best balance of strength and ductility of the composite at a given pct martensite.
-1 3-CONCLUSIONS 1. Design principles for improved mechanical properties of DFM steels have been suggested in order to obtain desirable microstructural characteristic which in turn result in desirable mechanical properties.
2. An alloy, of composition Fe/2% S;/0.1% C, has been selected according to the design principles.
3. The 2% Si DFM steel showed high strength and good formability, e.g., oy"-'70 Ksi, OUTS "-'112 Ksi, uniform elongation Av15%, and total elongation "-'25% at about 40% martensite. These properties are superior to a series of Cr and Mn containing DFM steels, and to some commercial HSLA steels including Van 80.
4. Over the range of 15 "-'80% martensite, the rule for two phase mixtures appears to hold as a fairly good approximation of the tensile behavior of the duplex systems.
5. Sl i ght improvements in the ductil Hy of ferrite appear to cause a significant increase in the elongation ductility of DFM structures.
6. The total elongation of DFM structures is sensitive to the carbon content in the martensite phase whereas 0y, OUTS. and unHorm elongation are relatively insensitive.
7. Lattice fringe imaging of the a/martensite interface revealed that (110) fringes were continuous across the interface, indicating coherency is maintained. shows greatly improved resolution of the heterogeneous precipitation on dislocations and at sub-boundaries, (g, 3g)
weak beam imaging condition was used ((a) inset). Fi g. 1.
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